The space environment presents some unique problems for optics. Components must be designed to survive variations in temperature, exposure to ultraviolet radiation, particle radiation, atomic oxygen and contamination from the immediate environment. To determine the importance of these phenomena, a series of passive exposure experiments have been conducted which included, among others, the Long Duration Exposure
Introduction
The Materials on International Space Station Experiment (MISSE) program is a combined effort of the Air Force Research Laboratory, NASA, Naval Research Laboratory, Boeing, and a number of other aerospace companies to study the environment around an active space station. MISSE is a series of "suitcases", externally mounted to the International Space Station (ISS) and containing hundreds of materials samples. This paper covers some of the data from optical materials flown on the MISSE-1 and MISSE-2 experiments. At time of publication, MISSE-3 and -4 are currently on ISS, MISSE-6 is being prepared for flight, and MISSE-7 is in the planning stages. [1] MISSE-1 and MISSE-2, the first of which appears in Figure 1 , were deployed in August 2001 by astronauts Daniel Barry and Patrick Forrester, during the STS-105 mission to ISS. The Columbia accident delayed the return of these MISSE experiments until July 2005, when they were retrieved during STS-114 by astronauts Steve Robinson and Soichi Noguchi. While the additional time in space led to the total loss of some polymeric materials, the longer exposure has proved to be of significant value for the optical materials. *alan.f.stewart@boeing.com, 818-466-8451: Miria.Finckenor@nasa.gov. • -r.
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Space Environment
MISSE-1 and MISSE -2 were externally mounted on the Quest airlock with one side nominally facing the ram direction (or velocity vector) and the other nominally remaining in the wake. This was intended to keep the wake side shielded from any atomic oxygen (AO) erosion. However, ISS's orientation changed a number of times, between the local vertical, local horizontal (LVLH) orientation with either the X-axis in the velocity vector (XVV) or Y-axis in the velocity vector (YVV), and the X-axis parallel to the orbital plane (XPOP). This resulted in the nominally wake side receiving a significant amount of AO, though still nearly two orders of magnitude less than the nominally ram side. The majority of the orientation changes were before spring 2003, with the necessary conservation of propellant between the Columbia accident and Return to Flight. Also noteworthy is the variation in AO fluence and solar exposure across the MISSE suitcases. The Quest airlock shadowed part of the MISSE experiment (Fig. 3) , so that the samples closest to the airlock received about 20% less AO fluence than the least shadowed samples, as measured by mass loss and thickness loss of polymeric thin films. Table 1 summarizes the environment for the optical samples discussed in this paper. While there were diodes for measuring the solar exposure, these were totally saturated by the end of the mission. Solar flux modeling was performed and accounted for ISS shadowing and albedo. [2] Radiation dose was measured by thermoluminescent detectors flown beneath thin polymeric films, composites, aluminum and tantalum shims. Reference 2 gives an average radiation dose of 1.09 x 10 4 rads for detectors flown beneath 5 mils of Kapton polyimide film. Thermal cycles were directly measured by thermocouples connected to data loggers [3] and mainly ranged from -30 to +40ºC. MISSE-1 and -2 went through approximately 22,800 thermal cycles. 5400 -5600
These facets of the space environment have different effects on optical materials. Atomic oxygen can react with magnesium fluoride to form MgO at the surface. UV darkening was noted on commercial fused silica flown on the Long Duration Exposure Facility (LDEF). [4] UV and particulate radiation can form "color centers" or point defects in glasses, especially those containing halides. [5] Molecular contamination, in the form of outgassing or unburned propellant, usually has the most significant effect on optics. Hydrocarbon contamination can be removed by AO attack, but silicone contamination reacts with AO to form silicate. In the case of the wake-facing samples on MISSE, there may be a layered mix of photopolymerized hydrocarbon and silicone contamination.
Meteoroid and debris impact is also a component of the space environment. Prior to deintegration, the sample trays were carefully inspected and visible impact data recorded. Impact sites are quite distinctive and visible by eye on machined aluminum surfaces down to sizes as small as 100 microns. That survey indicated an impact rate for the MISSE trays of less than 100 impacts per square meter. On optical surfaces, the difficulty is recognizing the characteristic signature of an impact vs. simple surface contamination. As shown in Figure 4 , the general appearance of the surface of the coated sample did not allow identification of this site as an impact site prior to examination under the microscope. 
Results
A variety of optical materials were exposed on MISSE-1 and -2. Transparent optical materials were flown in addition to many coated samples. Coatings flown were representative of those found on solar cell covers, protected metals, precious metals, dielectric coatings for high reflectance (HR) and anti-reflectance (AR) designs. Coating designs were optimized use at multiple wavelengths as dual band reflectors or as dichroic beamsplitters. In addition, holographic notch filters using dichromated gelatin were flown. The range of wavelengths of interest is broadextending from the vacuum ultraviolet to the long wave infrared. All of the flight samples had ground controls. Post-flight analysis completed to date included visual inspection, microscopy, either reflectance or transmission measurements by spectrophotometer, laser calorimetry by both thermocouple and infrared imaging, and total loss by cavity ring-down. Future work will include ellipsometry, Raman spectroscopy and electron spectroscopy for chemical analysis (ESCA).
Thermal evaporation coatings
Optical coatings produced by thermal evaporation included zinc selenide/thorium fluoride on both silicon and sapphire substrates. Lohnstar Optics fabricated dense coatings with low absorption levels and low optical scatter levels. protective overcoat of sapphire appeared to be more resistant to abrasion. However, this might also have been due to small differences in total thickness and variations in compression from wave washers used in the tooling.
Several samples with different antireflection coating designs were flown. These coatings were complex designs composed of ZnSe with ThF 4 and or MgF 2 . There were no apparent changes in the spectral performance or transmission of these coatings when compared to ground control samples.
Performance of both flight and control samples was determined by laser calorimetry and total loss measurements. [7] The most striking feature of the data was the relatively good performance of the flight samples. As shown in Figures 5a and 5b for samples measured at 1064 and 1319nm, the flight samples had slightly higher levels of optical absorption compared to the control samples. Absorption as measured by laser calorimetry data is plotted on the right side of each figure. There is very little change in the absorption measured on the flight sample compared to the control or to the flight sample after cleaning. Comparison to preflight data is difficult since available measurement facilities have changed and only recent, post flight data was taken by the authors.
Total loss data post flight was recorded using a commercial system. [8] As can be seen in the data plotted on the left side of each figure, total loss, which includes absorption as well as scatter and transmission losses, is much more sensitive to the surface contamination which was found on both flight and control samples. Careful cleaning resulted in consistent data and the lowest values recorded. Again, comparison to preflight data is awkward since the laboratory and the results are seen to vary. The total loss method is generally believed to sample a larger area on the surface of the optic being tested since the mode of the test cavity may expand to fill the aperture of the part. Note that the abscissa of the graphs for the total loss is a factor of 10 higher than that used for plotting the absorption on the right hand side of each graph. 5a) 1064nm coatings Figure 5a and 5b. Total loss and absorption are compared for ZnSe/ThF 4 high reflectance coatings designed for either 1064nm or 1319nm. Note that the abscissa for the total loss on the left is a factor of 10 higher than that used for plotting the absorption on the right hand side of each graph.
Cleaning methods employed include the conventional lens tissue drag method as well as more thorough cleaning under a laminar flow hood using aqueous based detergents and high purity solvents. The control samples did not change appreciably in appearance after cleaning. This was not true for the flight samples which have been cleaned. Application of solvent to the surface promoted a hazy appearance which looked almost like the surface had been smeared with some form of grease. Application of aqueous based detergent solutions in conjunction with limited scrubbing with a cotton tipped applicator followed by thorough rinsing resulted in complete removal of surface contamination and dramatic reductions in the total losses measured.
Sputtered coatings
Coatings fabricated using ion beam sputtering were also flown on MISSE 1 and 2. This type of coating is extremely dense and with the right design and fabrication conditions and may exhibit the lowest losses of any optical coatings. The samples flown on this mission include 633nm mirrors from Litton Guidance in addition to several different designs fabricated by MLD. [9] In Figure 6 , the appearance of the flight sample is clearly different from the control sample. The color of the surface is lighter and there is a distinct "rim" which is where the sample tray tooling protected the coating. This may be direct visual evidence of either a contamination layer, a layer of oxidized coating material, or both. The altered coating appearance is clearly seen because of the excellent contrast provided by the silicon coating material. Samples of this type in either MISSE 1 or 2 had a similar appearance.
Window Materials
Nine magnesium fluoride windows were flown, with three on tray E7 and the remainder on tray E8, all on the ramfacing side of MISSE-2. They were used to expose candidate solar sail materials to UV radiation while blocking AO, and doubled as optical witness samples. Transmission was measured before and after flight to determine the level of molecular contamination. As shown in Figure 7 , the windows from tray E7 had very little change in transmission, and some of the windows from tray E8 showed a decrease in transmission, particularly in the lower wavelengths. It is not clear whether the decrease in transmission is solely due to contaminant deposition or whether the formation of magnesium oxide is increasing the opacity. Figure 7 . Spectrophotometer data from a set of magnesium fluoride windows located in trays E7 and E8. Even within a given tray, there was significant variation in the amount or type of contamination present and the resulting decrease in transmission observed.
Precious Metals
Gold and platinum mirrors were flown on trays E7 and E8 on the ram-facing side and tray E11 on the wake-facing side. As shown in Figure 8 , the gold mirrors from tray E11 had contamination as is indicated by the low reflectance below 500nm. Above 500nm, the reflectance of all gold surfaces remained high and nearly equal to the control sample. Ellipsometry data on these surfaces indicated about 450 Å of silicate. Ellipsometry data on gold mirror surfaces from tray E7 and E8, the ram facing direction, showed very few differences between the control sample and the flight samples.
Reflectance data from platinum mirrors flown on tray E7 are also shown in Figure 8 . As was seen on the gold mirror surfaces in this tray which faced the ram direction, there is evidence of some contamination when compared to the control sample. The lower overall reflectance of the platinum metal compared to gold is apparent. What is unusual is that the control has higher reflectance at shorter wavelengths, but at longer wavelengths, the flight samples have higher reflectance. This type of behavior might be attributable to a contamination layer which exhibits increased scatter at short wavelengths. Figure 8 . Reflectance data on gold and platinum metal mirror surfaces. Gold in the wake position clearly exhibited enhanced contamination and reduced reflectance at shorter wavelengths. Platinum had lower reflectance overall
Other optical materials
A holographic notch filter using dichromated gelatin appears to have survived the mission without measurable changes. From simple spectrophotometric measurements, the notch location, optical density in-band and overall transmission outof-band appeared to remain unchanged. However, this sample has been returned to Kaiser Optical Systems, its manufacturer, for more thorough evaluation. Numerous other optical samples were observed during deintegration of the sample trays. It is hoped that the principal investigators responsible for these samples will be able to report on their work in the future.
Discussion
In addition to artifacts of routine handling and storage of samples over a multiyear mission, two principal problems were seen with samples on MISSE 1 and 2. Mechanical damage was seen on several samples which was caused by contact between the tooling and the sample surfaces, followed by several thousand thermal cycles during flight. It should be noted that mechanical damage is something that can be avoided with care and more thorough planning. Contamination was noted on all samples, some more obvious than others. In the case of the high performance optical coatings discussed in this study, contamination resulted in the high total loss values, due principally to light scatter. Absorption values increased, but not in such a way that it would drive performance outside design tolerances. Contamination and perhaps atomic oxygen induced oxidation did more strongly affect reflectance of metal surfaces and MgF 2 windows at shorter wavelengths. This is in agreement with observations of the precious metal mirrors flown on POSA-I, which had photopolymerization and oxidation of silicone contamination 25 -40 nm thick [10] . For certain applications, careful consideration would have to be given to these effects and the resultant performance of these materials at short wavelengths (λ<500 nm).
While contamination did produce measurable changes in reflectance and scatter, overall, the performance of these materials was extraordinarily good after an extended space mission. Comparison to previous missions indicates that contamination levels were much reduced compared to past experience on LDEF and POSA as examples. ESCA analysis of UV-grade quartz windows from LDEF and fused silica windows from POSA indicated 150 nm and 480 nm of contaminant deposition, respectively. For some of the POSA samples, interference patterns were clearly visible. Contamination of MISSE samples was low and subtle enough that visual observation of sample surfaces during deintegration did not provide any clues for what we might discover later in the laboratory.
Future Work
Analysis is continuing on sample from MISSE 1 and 2. The contamination found on samples will be identified and analyzed using ESCA. Preliminary analysis using Raman spectroscopy has confirmed the presence of hydrocarbons in the contamination layer. If possible, ellipsometry will be used to more thoroughly understand the optical properties of the contamination layer. Light scatter will be studied in greater detail using surface maps and BRDF to define the performance over larger areas of the sample surfaces. This work is both planned and in progress.
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The success of the MISSE experiment would not have been possible without the significant contributions of Dr. A I looked carefully at that because I've seen a lot of it in coating chamber deposition runs that have gone wrong, but I have seen no evidence of that. I would have expected to see that in discharge areas around where the tooling contacted the sample surface. I didn't see any of that nor did I see any evidence of it on the other samples on the platform. I think it's a function of being in lowers orbit. We certainly expect more charging problems as we go up in altitude Q When you were showing the mag fluoride chart, were the thickness on the samples the same and what was that thickness of the mag fluoride?
A These are both windows. I can tell you that the samples that we loaded were all somewhere in between 60 and 120,000 in thickness. We used compression or wave washers so I don't think there is a lot of latitude to going to quarter inch or thicker samples, that would have exceeded the tray thickness.
Q Has there been a parallel effort to try and understand, all these different effects going on as you mentioned, such as atomic oxygen, UV, radiation, have you been able to attribute losses to the different threats?
A Well, that was the intention of the mission, to try and isolate some of these factors. Because of the various many changes in attitude during the lifetime of the experiment, I can tell you the answer is no. I didn't show you the spectrophotometer data because literally there are no changes. Certainly the holographic notch holder, no change that I could tell. I was expecting to hear that there was a little bit of transmission loss in the side bands, but nothing where the notch was. So the gross effects are not there. The fine effects are. There certainly is some service analysis that we need to do to try to try to understand the contamination layer more. I also expect to do some phase measurements, I've done some but I need to do them in band in these optics to try to understand what the effect is on the reflected phase and work backwards as far as getting an effective index and thickness for that contamination layer. We know we are dealing with 250 to 400 ångstroms of something. We know there is some carbon there and also some siloxanes there. But we also know that it's not hard. It's not a cross-linked SiO matrix. It does come off and it can be cleaned using conventional materials in the coating lab. It doesn't require an ion-milling process to clean for instance. We have to go off and destroy some of these samples to that we know what's on them.
